Photoluminescence (PL) dynamics in single-walled carbon nanotubes (SWNTs) has been studied by the femtosecond excitation correlation method with a 150 fs time resolution. The SWNT samples were synthesized by different methods and suspended in gelatin films or D 2 O solutions. The PL dynamics of SWNTs depends on the local environment surrounding the SWNTs rather than the synthesis methods. The very weak temperature dependence of PL and the environment-dependent PL reveal that the PL relaxation process is dominated by the interplay between free excitons and weakly localized excitons. DOI: 10.1103/PhysRevLett.97.257401 PACS numbers: 78.67.Ch, 73.22.ÿf, 78.47.+p Electronic and optical properties of single-walled carbon nanotubes (SWNTs) have attracted considerable attention in terms of both fundamental physics and technological applications to optoelectronic devices [1, 2] . The discovery of efficient photoluminescence (PL) from isolated semiconducting SWNTs has allowed us to study the various optical properties of SWNTs in detail [3] . Recently, both theoretical predictions and experimental studies have shown that the optical properties of SWNTs are determined by the dynamics of excitons formed by the strong electronhole interaction in the quasi-1D systems [4 -13].
Electronic and optical properties of single-walled carbon nanotubes (SWNTs) have attracted considerable attention in terms of both fundamental physics and technological applications to optoelectronic devices [1, 2] . The discovery of efficient photoluminescence (PL) from isolated semiconducting SWNTs has allowed us to study the various optical properties of SWNTs in detail [3] . Recently, both theoretical predictions and experimental studies have shown that the optical properties of SWNTs are determined by the dynamics of excitons formed by the strong electronhole interaction in the quasi-1D systems [4 -13] .
Time-resolved PL spectroscopy has been one of the most powerful techniques to elucidate the microscopic mechanism of exciton dynamics in SWNTs. Several researchers reported the PL lifetimes of SWNTs, and their values range from 10 to 180 ps [14 -19] . These values of PL lifetimes observed experimentally are much shorter than the radiative lifetimes calculated from the quantum efficiency of nanotubes (110 ns) [14] and by the theoretical prediction (10 ns) [20, 21] . These results imply that the observed PL lifetimes are determined by the nonradiative recombination process. The broad distribution of the observed PL lifetimes may be due to the differences in samples, the local environment of the SWNTs, the number of impurities or defects, and so on. In addition, the time resolution of most recent PL decay measurements for SWNTs is greater than 10 ps and is comparable to the measured nonradiative decay lifetime [15] [16] [17] [18] [19] . From these standpoints, in order to clarify the mechanism of exciton dynamics in SWNTs, it is necessary to measure systematically the PL decay of different SWNT samples with higher time resolutions.
In this Letter, we have studied PL lifetimes ( PL ) for four different SWNT samples by means of the femtosecond excitation correlation (FEC) method with a 150 fs time resolution. The SWNTs were synthesized by the alcohol catalytic chemical vapor-deposition (ACCVD) method and the high-pressure CO (HiPco) method and were suspended in gelatin films or D 2 O solutions. The results showed that the PL lifetime of SWNTs in D 2 O solutions ( PL 22 ps) is faster than that in gelatin films ( PL 31 ps), whereas the PL lifetimes scarcely depend on the synthesis method and the tube diameters of SWNTs. The temperature dependence of PL for the SWNTs in gelatin films reveals that the relaxation processes of excitons are determined by the interplay of free excitons and weakly localized excitons in potential fluctuations due to changes in the local environment rather than the intrinsic effects such as the exchange splitting of excitons.
Four kinds of samples were prepared as follows: The SWNTs were synthesized by the ACCVD method at 750 C [22] and by the HiPco method [23] (batch no. HPR 113.3 from Rice University). Both synthesized SWNTs were isolated by dispersion in D 2 O solutions with 0.5 wt % sodium dodecyl sulfate (SDS), vigorous sonication, and centrifugation at an acceleration of 330 000g for 1 h according to the procedure developed by O'Connell et al. [3] . The SWNTs in D 2 O solutions were used as the ACCVD-D 2 O and HiPco-D 2 O samples [24] . The SWNTs in gelatin films (the ACCVD-gelatin and HiPco-gelatin samples) were prepared by mixing the sodium dodecylbenzene sulfonate (SDBS)-suspended SWNTs in D 2 O solutions with the granulated powder of gelatin (9 wt %), casting the solution on SiO 2 substrates, and drying it at room temperature.
In the FEC experiments, the samples are excited with optical pulses from a Ti:sapphire laser of central wavelength 730 nm, repetition rate 80 MHz, pulse duration 150 fs (full-width-at-half-maximum intensity -FWHM), and spectral width 8 nm (FWHM). The FEC method has been successfully applied to a variety of materials to measure the recombination lifetimes of free and bound excitons [25] , because the time resolution of this method is limited only by the laser pulse duration. The two beams separated by the delay time were, respectively, chopped at 1000 and 800 Hz and collinearly focused onto the same spot (10 m) at 0 incidence. Only the PL signal components modulated at the sum frequency (1800 Hz) were detected as FEC signals with a photomultiplier tube and a lock-in amplifier after dispersion of PL by a monochromator. Shown in Fig. 1 are the time-integrated PL spectra of the SWNT samples under continuous-wave He-Ne laser (1.96 eV) excitation at room temperature [26] . The PL is associated with radiative emission from the lowest excited state in SWNTs, and a chiral index n; m of each PL peak is assigned according to the data reported by Bachilo et al. [27, 28] . As shown in Fig. 1 , the PL spectral shape of the HiPco-D 2 O sample is slightly different from that of the ACCVD-D 2 O sample, because the HiPco sample consists of nanotubes with a broader distribution of chiral indices [29] . It is noteworthy that the thermogravimetric analysis and transmission electron microscopy images show that the HiPco samples include more metallic impurities and/or structural defects than the ACCVD ones [22, 23, 29] . In Fig. 1 , the addition of gelatin causes small redshifts in the peak energies and a slight broadening of the linewidth compared to the SDS-suspended SWNT solutions. These behaviors may be caused by the transition energy shifts due to strains, the dielectric screening of the Coulomb interaction, structural defects along a nanotube, and their spatial nonuniformity [30, 31] . In the inset in Fig. 1 , the PL intensity of 9; 4 nanotubes in the ACCVD-D 2 O sample is shown to increase nonlinearly with increasing intensity of the optical pulses under 1.70 eV excitation. Similar nonlinearities are observed for the other samples and nanotube species with different diameters, and they are caused by the phase-space filling of exciton states [32] . These nonlinearities allow us to obtain FEC signals as a function of delay time between two optical pulses.
Figure 2(a) shows the time evolution of FEC signals of 9; 4 nanotubes in the ACCVD-D 2 O sample under 1.70 eV excitation at 5 mW. The upward direction on the vertical axis indicates a negative sign of the FEC signals. The measured temporal profiles consist of fast decay (<50 ps) and long tail (200 ps), which is consistent with previous observation [16] . However, since the slow decay time is comparable with the pulse repetition time in our measurements, we fit the PL decay with a single exponential function A expÿ= PL B, where A and B are constants and PL is the lifetime of the fast-decay PL component as shown in Fig. 2(a) . We find that the fitted curve well describes the experimentally observed PL decay. In the inset in Fig. 2(a) , we compare the normalized FEC signals at 5 and 10 mW. The lack of excitation-intensity dependence of the FEC-signal shapes implies that the excitonexciton annihilation or Auger recombination process does not appear in the exciton dynamics within this excitationintensity region [33, 34] . 
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257401-2 [24] . The PL lifetimes show that the fast-decay components scarcely depend on the synthesis method of SWNTs but depend more on the environment. Our observation shows that the number of defects and impurities related to the nonradiative centers in the ACCVD-SWNTs is almost the same as those in HiPcoSWNTs and that the slower PL decay in the solid films is determined by local potential fluctuations due to strains, dielectric constants, and structural defects. The PL lifetimes PL of the fast-decay components are similar to the nonradiative decay lifetimes PL (10 -180 ps) measured in previous experiments [14 -19] . Figure 3 shows the PL lifetimes of the fast-decay components as a function of the tube diameter. In Fig. 3 , no significant dependence of PL on tube diameter is observed within experimental errors. The results, which are consistent with those of other experiments [16] , imply that the recombination rate is not sensitive to the tube diameter. As shown in Fig. 3 , the mean PL lifetime of the SWNTs in D 2 O solutions ( PL 22 ps) is faster than that in gelatin films ( PL 31 ps). This difference supports the idea that the PL lifetime is sensitive to the environment.
In addition, we studied the temperature dependence of the fast-decay components of FEC signals to elucidate the detailed mechanism of the exciton dynamics. Figure 4(a) shows the fast-decay components of FEC signals of 9; 4 nanotubes in the ACCVD-gelatin samples at different temperatures [35] . With an increase in temperature, the PL lifetime PL becomes shorter. Figure 4(b) shows the relaxation rate 1= PL as a function of temperature. As shown in Figs. 4(a) and 4(b) , the relaxation rate 1= PL gradually decreases with a decrease in temperature. This temperature dependence cannot be explained by the radiative decay rate 1= r of the excitons in the 1D systems, because it increases with decreasing temperature and is inversely proportional to the square root of the temperature [36] . Instead, our results imply the importance of the nonradiative recombination process in the fast-decay component. In addition, the PL spectrum and dynamics depend on the environments of the SWNTs, as shown in Figs. 1 and 2 . Furthermore, the weak temperature dependence of PL lifetimes, shown in Fig. 4(b) , is suggestive of weakly localized excitons due to environmental fluctuations in the wrapping gelatin.
Hence, the PL dynamics in SWNTs can be explained by the interplay between localized excitons and free excitons. The inset in Fig. 4(b) contains a schematic diagram illustrating the dynamics of localized and free excitons in SWNTs. Excited excitons, captured by localized exciton states (L), are thermally excited into free exciton states (F). In this case, the observed PL lifetime PL can be approximated by Eq. (1): 
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week ending 22 DECEMBER 2006 where k B is the Boltzmann constant, is thermal activation energy, and L and F are the PL lifetimes determined mainly by the nonradiative recombination processes of localized excitons and free excitons, respectively. As shown in Fig. 4(b) , Eq. (1) reproduces the experimental data, where the best fitting parameters are L 58 ps, F 42 ps, and 8:7 meV. The uncertainties are 10%, owing mainly to errors in the measurement of PL due to the macroscopic inhomogenity in gelatin samples. At present, it is believed that the energy difference between the low-energy and the high-energy exciton states reflects the sample-dependent extrinsic effects (the formation of the localized states) rather than the intrinsic effects such as the exchange splitting of the dark and bright excitons [20, 21] , because the PL dynamics depends on the local environment surrounding the SWNTs as discussed above. The small activation energy suggests that the excited excitons are weakly localized by local environmental fluctuations, mostly due to the local changes in strains, dielectric constants, and structural defects along a nanotube. Studying the PL decays of SWNTs in other matrices and surfactants may be helpful to obtain a more quantitative and microscopic nature on the localized states. Moreover, as shown in Fig. 1 , it is evident that the PL spectrum of SWNTs in D 2 O solutions has a sharp structure and shows small blueshifts in comparison with that in gelatin films. This observation suggests that the activation energy of the potential fluctuations in SWNTs in D 2 O solutions becomes relatively small. In such a case, at room temperature the recombination process of excitons is promoted, because the decay rate of free excitons is larger than that of localized excitons. Therefore, we can observe the difference between the PL lifetime of SWNTs in D 2 O and that of SWNTs in gelatin in Figs. 2 and 3 , and this difference is mainly due to the difference of their activation energy depending on the surrounding matrices.
In conclusion, we measured the PL lifetimes in the SWNTs by the femtosecond excitation correlation method with a 150 fs time resolution. The SWNTs were synthesized by different methods (ACCVD or HiPco) and suspended in gelatin films or D 2 O solutions. The typical PL lifetime of the SWNTs in D 2 O solutions ( PL 22 ps) is faster than that in gelatin films ( PL 31 ps) but scarcely depends on the synthesis method and the tube diameter of SWNTs. The very weak temperature dependence of PL and the environment-dependent PL reveal that the recombination dynamics of excitons in SWNTs is determined by the competing process between free excitons and weakly localized excitons rather than the intrinsic effects such as the exchange splitting of excitons.
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